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ABSTRACT
We perform global three-dimensional MHD simulations of unstratified accretion disks in cata-
clysmic variables (CVs). By including mass inflow via an accretion stream, we are able to evolve
the disk to a steady state. We investigate the relative importance of spiral shocks and the mag-
netorotational instability (MRI) in driving angular momentum transport and how each depend
on the geometry and strength of seed magnetic field and the Mach number of the disk (where
Mach number is ratio of the azimuthal velocity and the sound speed of gas). We use a locally
isothermal equation of state and adopt temperature profiles that are consistent with CV disk ob-
servations. Our results indicate that the relative importance of spiral shocks and MRI in driving
angular momentum transport is controlled by the gas Mach number and the seed magnetic field
strength. MRI and spiral shocks provide comparable efficiency of angular momentum transport
when the disk Mach number is around 10 and the seed magnetic field has plasma β = 400 (where
β is ratio of gas pressure and magnetic pressure). The MRI dominates whenever the seed field
strength, or the disk Mach number, is increased. Among all of our simulations, the effective
viscosity parameter αeff ∼ 0.016 − 0.1 after MRI saturates and the disk reaches steady state.
Larger values of αeff are favored when the seed magnetic field has vertical components or the
flow has stronger magnetization (1/β). Our models all indicate that the role of MRI in driving
angular momentum transport thus mass accretion in CV disks is indispensable, especially in cool
disks with weak spiral shocks.
Keywords: accretion, accretion disks - magnetohydrodynamics (MHD) - stars: binaries: close -
novae, cataclysmic variables
1. INTRODUCTION
Angular momentum transport in the accretion
disks of cataclysmic variables (CVs) is key for driv-
ing the observed episodic outbursts in dwarf novae
(DNe). Great success has been achieved in fitting
the episodic outbursts with light curves computed us-
ing the Shakura & Sunyaev (1973) formalism in one-
dimensional disk instability models (DIM, see Lasota
2001 for review). DIM was proposed by Osaki 1974,
and further developed by identifying a thermal insta-
bility arising from the outer part of the disk which
changes the disk from radiative structure to con-
vective structure (Meyer & Meyer-Hofmeister 1981;
Smak 1982; Mineshige & Osaki 1983; Smak 1984).
An anomalous kinematic viscosity ν = αcsH is as-
sumed (cs and H are sound speed and thermal scale
height) to drive mass accretion and α is required to
be ∼ 0.1 − 0.3 during outburst state and ∼ 0.01
during quiescence state (Cannizzo 1993; Smak 1999;
Cannizzo et al. 2012; Kotko & Lasota 2012). How-
ever, perhaps the greatest limitation of these models
is that the physical mechanisms accounting for angu-
lar momentum transport in CV disks during either
quiescence or outburst states are not well understood
yet (King et al. 2007, 2013). Possible mechanisms
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include spiral shocks which are excited by the non-
axisymmetric gravitational potential and the mag-
netorotational instability (MRI). However, to date,
no global MHD models of inviscid disks in close bi-
naries where angular momentum transport is self-
consistently calculated from first principles have been
undertaken.
One possible physical origin of episodic accre-
tion in DNe disks may be that MRI turbulence is
severely suppressed when the gas is predominantly
neutral at low temperature during the quiescent state
(Gammie & Menou 1998). This implies that MRI may
be the switch of DNe outbursts: during hot states
when MRI and spiral shocks both contribute in angu-
lar momentum transport, efficient accretion thus out-
bursts are turned on, while during quiescence when
the disk cold and predominantly neutral, only spiral
shocks contribute in angular momentum transport and
accretion rate is low. In the first paper of this series
(Ju et al. 2016), we conducted a thorough study of
the spiral shocks in CV disks using a series of 2D hy-
drodynamical simulations where angular momentum
transport is driven by the deposition of negative angu-
lar momentum carried by the spiral density waves via
shock dissipation. The effective viscosity parameter
αeff driven by spiral shocks is found to be 0.02− 0.05
which is consistent with the observed values in quies-
cence state of DNe (Note the Mach numbers used in
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our simulations are significantly lower than that ex-
pected from the quiescence state of DNe, but are sim-
ilar to that during the DNe outburst state). However,
during the hot outburst state where the ionized gas
is well coupled to the magnetic field and MRI starts
to operate in the disk, it is unclear how the dynam-
ics of spiral shocks would change, or how spiral shocks
and MRI interact, and what is the relative importance
of spiral shocks and MRI in driving angular momen-
tum transport. Therefore, the focus of this paper is
to conduct global MHD models of inviscid CV disks
where angular momentum transport is driven by spiral
shocks and MRI self-consistently to investigate these
issues.
Over the past two decades, it has been widely rec-
ognized that the magnetorotational instability (MRI)
drives angular momentum transport in most disks
(Balbus & Hawley 1991, 1998, 2002). Subsequent nu-
merical MHD simulations of the nonlinear regime of
the MRI show that it saturates as turbulence, with a
significant Maxwell stress that drives angular momen-
tum transport (Hawley et al. 1995; Stone et al. 1996;
Sorathia et al. 2012; Hawley et al. 2013 see Balbus
2003 for a review). The Maxwell stress is greater than
the Reynolds stress by a factor of 4−6 in these simula-
tions. The saturated stress-to-pressure ratio α varies
widely (∼ 0.01 − 0.1) depending on the net magnetic
field strength (Hawley et al. 1995, 1999; Sano et al.
2004; Blackman et al. 2008; Guan & Gammie 2009;
Hawley 2009; Davis et al. 2010; Guan & Gammie
2011; Hawley et al. 2011; Simon et al. 2012; Shi et al.
2016).
A current challenge in accretion disk theory is
to understand how the MRI acts on global scales
(Sorathia et al. 2012; Hawley et al. 2013) and deter-
mines the structure and evolution of disks on viscous
times. Although local shearing box simulations have
achieved great success in studying the local charac-
teristics of well-resolved MRI , it is not clear whether
they are representative of the global dynamics in sys-
tems such as CV disks. To date, most effort in this
direction have focused on disks in both black holes
(e.g. Hawley 2009; Pessah 2010) and protostellar sys-
tems (e.g. Flock et al. 2011, 2013). These studies
begin with a rotationally supported torus of finite
mass which then accretes as the MRI grows and sat-
urates. However, the resulting accretion flow is ulti-
mately transitory due to lack of mass supply. More-
over, it is becoming increasingly clear that some prop-
erties of the resulting flow depend on the initial as-
sumed field geometry in the torus (Penna et al. 2010;
McKinney et al. 2012). CV disks are ideal laborato-
ries to understand the global physics of the MRI. The
well-understood mass supply for the disk, e.g. gas
streaming through the inner Lagrangian (L1) point at
a rate of ∼ 10−9 − 10−10M⊙/yr (Hellier 2001) makes
it possible for the disk to reach steady state. More-
over, the length and time scales in CV disks are much
smaller than in the other accretion disk systems. For
example, the radial range from the surface of the white
dwarf to the inner Lagrangian point is only two or-
ders of magnitude, to be compared with four orders
of magnitude in protoplanetary disks and even larger
in low-mass X-ray binary disks. In the context of CV
disks, Latter & Papaloizou (2012) conducted local un-
stratified shearing box MHD simulation with radia-
tive cooling and found bi-stability of thermal states.
Potter & Balbus (2014) proposed that a limit cycle of
disk stability could be achieved by assuming α is corre-
lated with magnetic Prandtl number instead of a con-
stant over the disk. But these investigations need to be
extended to self-consistently evolving global models.
Controversy exists on whether MRI is suffi-
cient to drive mass accretion during DNe outbursts.
King et al. (2007) have suggested that even in the
DNe outburst phase, MRI alone cannot explain ob-
served accretion rates since some local shearing box
MHD simulations with zero net vertical magnetic field
(Bz) give α ≤ 0.02 (although see Shi et al. 2016).
Kotko & Lasota (2012) reiterated this discrepancy us-
ing several methods to confirm the validity of α ∼
0.1−0.2 from DNe outburst observations. Hirose et al.
(2014) conducted local, vertically stratified, radiation
MHD shearing box simulations with zero net verti-
cal magnetic field, and found an enhanced stress to
pressure ratio α is produced by strong thermal con-
vection triggered due to large opacity near the tem-
perature of > 104 K. At higher temperature, thermal
convection disappears and α decreases to quiescence
values. Coleman et al. (2016) measured the values of
MRI-driven α from these local simulations and applied
them to one-dimensional disk instability models which
successfully re-produced observed outburst and quies-
cence durations, as well as outburst amplitudes. How-
ever, these local models cannot model the spiral shocks
which are important ingredients in driving the evolu-
tion of CV disks. To date, there are still no global
MHD models where the angular momentum transport
and cyclic outbursts are driven by spiral shocks and
MRI turbulence self-consistently.
Motivated by these issues, we perform a series of
global MHD simulations of unstratified CV disks with
inviscid gas to explore angular momentum transport
driven by spiral shocks and MRI. A constant supply
of mass and seed magnetic field is provided through
the L1 point. In Ju et al. (2016) we presented one
such model with adiabatic equation of state and no
cooling. In that case the disk was heated up to un-
realistically high temperature, thus the spiral shocks
totally dominate over MRI. Therefore, in this paper,
we use locally isothermal equation of states to mimic
steady-state thermodynamics, where the temperature
profile is adopted from measurements through eclipse
mapping of CV disks and the Mach number is adopted
as high as we can computationally afford. We investi-
gate the relative importance of spiral shocks and MRI
in driving angular momentum transport and see how
that changes with the following disk properties: seed
magnetic field geometry, seed magnetic field strength,
and disk Mach number.
This paper is arranged as follows. We introduce our
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numerical methods and diagnostics in §2. We present
the results of our fiducial model in §3. Then we com-
pare the effects of seed field strength in §4, the effects
of seed field geometry in §5, and the effects of disk
Mach numbers in §6. Finally, further discussion and
major conclusions are presented in §8.
2. METHOD AND DIAGNOSTICS
2.1. Equations Solved
We solve equations of ideal compressible MHD
in cylindrical coordinates using Athena++, a recent
extension of the grid-based Godunov code package
Athena (Stone et al. 2008). The evolution of inviscid
gas with locally isothermal equation of states follows
∂ρ
∂t
+∇ · (ρv) = 0, (1a)
∂(ρv)
∂t
+∇ · (ρvv −BB+ P ∗I) = −ρ∇Φtot + FCori,
(1b)
P = ρcs(R)
2, (1c)
∂B
∂t
−∇× (v ×B) = 0, (1d)
where ρ is the gas density; v is the velocity vector; B
is the magnetic field vector; P ∗ = P + |B|2/2 is the
total pressure consisting of magnetic and gas pressure;
cs(R) is the sound speed at radius R which we will
elaborate in §2.2.
We solve the equations in a frame of reference
which is centered on the WD and corotates with the
the donor star such that the donor star stays static
in this frame. The position and velocity vectors in
this frame are r = (R, φ, z) and v = (vR, vφ, vz) re-
spectively. Therefore, a Coriolis force and an indirect
gravitational force must be included to account for the
non-inertial frame (Binney & Tremaine 1987). The to-
tal gravitational potential in this frame is
Φtot = − GM1|r|z=0−
GM2
|r−R2|z=0+GM2
(R2 · r)z=0
R32
, (2)
which consists of the potentials of the WD and donor
star and the indirect term due to movement of the
origin. M1 and M2 are the masses of the WD and
the donor star respectively, and R2 is the position of
the donor star. We define the mass ratio of the bi-
nary to be q = M2/M1. Throughout this work, we
adopt q = 0.3 which is a typical value for dwarf no-
vae (Hellier 2001). Since we are studying unstratified
disks as in Hawley (2001) and Sorathia et al. (2012),
the gravitational potential does not include the verti-
cal component of gravity.
The Coriolis force writes
FCori = −2ρΩ0z× v, (3)
where Ω0 =
√
G(M1 +M2)/R32 is the orbital fre-
quency of the binary stars which is also the rotating
frequency of the frame we adopt.
2.2. Locally Isothermal Equation of States
We adopt locally isothermal equation of states with
a power-law radial profile for the isothermal sound
speed cs(R)
cs(R) = cs(Rmin) ∗ (R/Rmin)−3/8, (4)
where Rmin is the inner boundary of the disk.
Such a power-law radial profile for cs has both the-
oretical and observational origins. On the theoretical
side, the effective temperature in a standard thin α
disk (Shakura & Sunyaev 1973) is
T 4eff =
3GMM˙
8piσR3
(1−
√
Rmin/R) (5)
where G and σ are Newton’s and Stefan’s constants,
M and Rmin are the mass and size of the central ob-
ject, M˙ is the mass accretion rate, R is the radius of
interest. When M˙ is constant, this yields to a scaling
of T ∝ R−3/4 and thus cs ∝ R−3/8. Observationally,
the radial profiles of surface brightness temperature of
CV disks are able to be reconstructed using the eclipse
mapping method (Horne & Cook 1985; Wood et al.
1986, 1989; Rutten et al. 1992a,b; Baptista & Steiner
1991; Baptista & Catala´n 2001; Vrielmann et al. 2002;
Vrielmann & Offutt 2003; Borges & Baptista 2005;
Shafter & Misselt 2006; Baptista et al. 2007; Baptista
2015). Those work has found the radial temperature
profiles of the disks can be fit using the power law
T ∝ R−3/4 at phases close the peaks of outbursts. Al-
though the temperature profile is much flatter than
T ∝ R−3/4 at other phases of the limit cycle when
the disk is not in steady state, we do not consider
those cases in this paper. Therefore, we adopt the
T ∝ R−3/4 thus cs ∝ R−3/8 power law which stays
constant over time in our simulations. Assuming a Ke-
plerian disk, the Mach number of the diskM = vK/cs
scales with R−1/8.
The scaling factor cs(Rmin) is set such that the
Mach number M at Rmin is 10 or 20 in this work.
The radial profiles of sound speed andM are shown in
Figure 1. Hereafter we denote the sound speed profile
with M(Rmin) = 10 with “Mach10”, and the profile
withM(Rmin) = 20 with “Mach20”. TheseM values
may be lower than estimated from CV observations:
according to brightness map reconstructed by eclipse
mapping, the surface temperature of CV disks spans
from 8000K (outer radius) to 40000K (inner radius)
during outbursts which corresponds to M∼ 50− 200
(Horne & Cook 1985; Wood et al. 1986; Rutten et al.
1992a; Baptista et al. 1998; Baptista 2015). Such ex-
treme Mach numbers are very challenging for numer-
ical simulations. However, it is worth noting that the
mid-plane temperature that governs gas dynamics in
our simulations may be a few times higher than the
surface brightness temperature measured from obser-
vations (Hirose et al. 2014; Coleman et al. 2016). The
temperature values from eclipse maps should be taken
with caution before being applied to numerical models
directly.
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Figure 1. Radial profiles of the sound speed (left panel) and
the Mach numbers (right panel) used in the locally isothermal
equation of states (Eq.4). The slope of the profiles is adopted
from the standard thin disk theory T ∝ R−3/4 which is also
consistent with CV disk observations. Two scaling factors are
chosen: the hotter disk has M(Rmin) = 10 (solid black line),
and the cooler disk has M(Rmin) = 20 (dotted red line).
2.3. Dimensionless Units
Equations are solved in dimensionless form in
this work. The dimensionless units are identical to
Ju et al. (2016) (see their §2.2). We define the unit
of mass such that GM0 = GM1 + GM2 = 1, and
the unit of length to be the separation of the binary
a0 = 1. Therefore, the orbital frequency of the bi-
nary Ω0 =
√
GM0/a30 = 1. The unit of time is the
inverse of the angular frequency of the binary orbit
t0 = Ω
−1
0 = 1 which makes one orbital period of the
binary P/t0 = 2pi. The donor star orbits on a unit
circle at frequency Ω0, so R2 = (cos(t), sin(t), 0).
To set up initial conditions that are in general
agreement with the properties of typical CV systems,
we list the properties of a well-studied CV system: SS
Cygni. This system has a 1.2 M⊙ WD and a 0.7 M⊙
companion star in orbit with a period of 6.6 hr, which
implies a binary separation of 2.24 R⊙. The mean in-
terval time between outbursts of SS Cygni is 40 days,
with typical time of decay from outbursts being 2.4
days. The mass inflow rate from the companion star
is of order 10−9M⊙/ yr (Cannizzo 1993). According to
thermal limit models (e.g. Cannizzo 1993), at a radius
of 2 × 1010 cm from the WD (around the mid-radius
area of the disk), the typical surface density of the
WD accretion disk is ≈ 200 g cm−2, and the mid-
plane temperature is ≈ 3000 K which implies the local
Mach number ofM∼ 280 during the quiescence state
(where M is ratio of kinematic velocity and sound
speed of the gas). While there is a wide variation of
these parameters among CV systems, we take the SS
Cygni system as a reference system.
If our internal units were scaled to the SS Cygni
system, then our unit of length is a0 = 2.24R⊙, our
unit of mass is M0 ∼ 2.44× 10−9M⊙ and our unit of
time is 1.05 hr which yields a binary orbit of 6.6 hrs. If
we express the properties of SS Cygni in our internal
units, then the binary stars are separated by 1R0, the
mean interval time between outbursts is 914 t0, and
outbursts decay on the timescale of 54 t0; the mass in-
flow rate from the companion star is 4.9× 10−5M0/t0;
the reference radius 2× 1010 cm is about 0.13 R0, and
at this radius, the surface density of the disk is around
1 M0/R
2
0.
2.4. Initial and Boundary Conditions
The goal of this paper is to explore how the relative
importance of MRI and spiral shocks change with disk
properties. Therefore, we design a series of simulations
for comparison by varying the following parameters:
the Mach number of the disk M, the geometry and
strength of the seed magnetic field at the Roche lobe
overflow. We summarize the parameters of all models
in this work in Table 1 and elaborate them in this
section.
The WD resides at the origin and the donor star
resides at (R, φ, z) = (1, 0, 0) throughout the simula-
tion time. In cylindrical coordinates, our computa-
tional domain spans (R, φ, z) ∈ [0.02, 0.62]× [0, 2pi]×
[−0.02, 0.02] for 3D MHD simulations and (R, φ) ∈
[0.02, 0.62]×[0, 2pi] for 2D hydro simulations. Our fidu-
cial simulations have 384× 704× 32 cells for 3D MHD
models and 384 × 704 cells for 2D hydro cases. The
outer radial boundary at Rmax = 0.62 is the radius of
the first Lagrangian point L1 for a binary with mass
ratio q = 0.3, and the inner radial boundary Rmin =
0.02 is approximately four times the surface radii of
the WD. Considering the temperature profile we adopt
in Eq. 4 which implies that the Mach number is
M = 10(R/Rmin)−1/8 in our fiducial model, the ther-
mal scale height is H = R/M = 0.002(R/Rmin)9/8.
The vertical range [−0.02, 0.02] thus contains about 2
scale heights at R = 0.15 ( As a reference for this lo-
cation in the disk, the radial size of CV disks in both
MHD and hydrodynamical models in Ju et al. (2016)
is about 0.3). This yields that there are 3−75 grid cells
per scale height depending on radius in the vertical di-
rection with 16 grid cells per scale height at R = 0.15.
However, note that the thermal scale height does not
have a physical meaning except an indicator of the lo-
cal temperature in unstratified disks because there is
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Table 1
Model Parameters
Model Name Seed field geometry Seed field β Inner M Resolution Comments
(R × φ× z)
Bz-Mach10-β100-res1 Bz 100 10 384× 704× 32 fiducial model
Bz-Mach10-β400-res1 Bz 400 10 384× 704× 32 compare field strength
Loop-Mach10-β400-res1 loop 400 10 384× 704× 32 compare field geometry
Hydro-Mach10-res1 no B 400 10 384 × 704× 1
Bz-Mach20-β100-res2 Bz 100 20 768× 704× 64 compare Mach number
Bz-Mach10-β400-res2 Bz 400 10 768× 704× 64 convergence study
Note. —
(1) Seed field geometry: geometry of magnetic field in the initial disk and in the L1 gas inflow.
(2) Seed field β: plasma β of the magnetic field in the L1 inflow, defined as ratio of gas pressure and magnetic pressure.
(3) InnerM: Mach number at the inner boundary at Rmin = 0.02.
no vertical structure.
As in Ju et al. (2016), we use logarithmic grid spac-
ing in the radial direction (∆R ∝ R) and uniform
grids in the azimuthal and vertical directions. Spi-
ral arms excited in binary systems are nearly self-
similar (Spruit 1987), so that the radial spacing be-
tween shocks becomes smaller at small radii. By us-
ing logarithmic grid spacing in radius, we can resolve
the spiral shocks equally well at any radii. More-
over, with a logarithmic grid, we are able to ensure
∆R/R = ∆φ = const, i.e. the grid cells are square
in physical size at all radii, which reduces numerical
diffusion due to highly distorted grid cells.
The initial density of the disk is uniform ρ = 1 and
the initial velocity is Keplerian where vR = vz = 0,
vφ =
√
GM1/R3. The initial sound speed profile is set
as Eq. 4 defines, where the scaling factor cs(Rmin) is
adopted such that the Mach number at inner boundary
Rmin is 10 or 20. The hotter cases with M(Rmin) =
10 are marked as “Mach10” in the model names (see
Table 1), and the cooler cases withM(Rmin) = 20 are
marked as “Mach20”. With these two Mach number
profiles, we compare how disk temperature affects the
relative importance of spiral shocks and MRI.
The initial magnetic field in the disk has two ge-
ometries. The first is vertical magnetic field which
is denoted with “Bz” in the model names in Table
1. In this case, the radial and azimuthal compo-
nents of B are zero BR = Bφ = 0 and the vertical
component is set such that wavelength of the fastest
growing unstable mode of MRI is equal to a quar-
ter of the vertical size of our computational domain
λMRI ≡ 2pi
√
16/15vA,z/Ω = 0.1 where vA,z = Bz/
√
ρ
is the vertical Alfve´n speed. Thus
Bz =
√
15
16
0.1Ω
√
ρ
2pi
. (6)
The second initial magnetic field geometry is toroidal
field loops which is denoted with “Loop” in the model
names in Table 1. In this case, the radial and vertical
components are zero BR = Bz = 0 and the azimuthal
component is set such that the critical azimuthal
wavenumber of the toroidal field Mc = RΩ/vA,φ = 20
where vA,φ = Bφ/
√
ρ. This leads to
Bφ =
√
ρ
RΩ
20
. (7)
We inject gas stream from the L1 point at a con-
stant rate to represent the Roche lobe overflow. The
L1 region spans (φ, z) ∈ [−0.1, 0.1] × [−0.02, 0.02] at
the outer boundary and consists of 10 (azimuthal)
× 32 (vertical) cells with the fiducial resolution. At
the L1 region ghost cells, the gas density is ρ0 = 1,
radial velocity is vR = −0.01, azimuthal velocity is
vφ = 0 since the L1 point is static in the rotat-
ing frame. Considering the area of the L1 region
is Rmax∆φ∆z = 0.62 × 0.2 × 0.04, the mass inflow
rate from the companion star through the L1 region
is ρ0(−vR)Rmax∆φ∆z ∼ 5 × 10−5 in internal units
and ∼ 1 × 10−9M⊙/yr. The gas sound speed is set
to be cs(Rmax) as defined in Eq.4, i.e., cs ≃ 0.18 in
the “Mach10” cases, or cs ≃ 0.09 in the “Mach20”
cases. All the variables are constant over time at the
L1 ghost region. At all other radial boundary regions,
we use ”free outflow, no inflow” boundary condition,
which copies variables from the last active cells to the
ghost cells except radial velocities vR and azimuthal
velocities vφ. Azimuthal velocities in ghost zones are
set to their local Keplerian values in the rotating frame
vK−Ω0R. For radial velocities, if vR of the last active
cell is outflowing (i.e. vR > 0 at the outer boundary,
or vR < 0 at the inner boundary), we copy its value to
the ghost cells; otherwise, we set vR = 0 at the ghost
cells to avoid unwanted mass inflow. We use periodic
boundary conditions in the azimuthal and vertical di-
rections.
Seed magnetic field is also injected along with the
gas inflow at the L1 region. Corresponding to the “Bz”
and “Loop” cases in the initial conditions, there are
also two types of field geometry at the L1 boundary.
In “Bz” cases, BR = Bφ = 0 at the L1 ghost cells and
the vertical magnetic field is set as
Bz =
√
2Pg
β
cos(
pi
2
φ
lL1
), (8)
where β = Pg/PB is the ratio of gas pressure and mag-
netic pressure, lL1 = 0.1 is half the azimuthal range of
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the L1 region. The cosine term is to provide a contin-
uous transition between the L1 and the non-L1 ghost
cells. In this work, we adopt vertical seed field “Bz”
with β = 100 and “Mach10” as our fiducial model. To
study the effects of magnetic field strength, we add
another model “Bz-Mach10-β400” which is similar to
the fiducial model except the seed filed has β = 400.
In “Loop” cases, magnetic field loops are set by a
magnetic vector potential
A(R) =
√
2Pgas
β
2Rloop
pi
cos(
pi
2
|R−Rref (t)|
Rloop
)zˆ, (9)
where β is magnetic pressure to gas pressure ratio,
Rref (t) = (R = R0 + vRt, φ = Ω0t, z) is a reference
point that advects inward at the same velocity with
the gas inflow at L1 point. The size of magnetic loops
is Rloop ∼ 0.06. The magnetic field components can
then be calculated by
B = ∇×A, (10)
which forms field loops in the disk plane advecting
with the background inflow at L1 region. In this
work, this field geometry is adpoted in model “Loop-
Mach10-β400” to be compared with the “Bz-Mach10-
β400” model for effects of seed field geometry. At non-
L1 regions, we simply copy the magnetic field compo-
nents of the last active cells to ghost cells.
Note that the MHD run with a cooler disk “Bz-
Mach20-β100-res2” has double the resolution in the
radial and vertical direction (Table 1). The reason
is that the spiral shocks are more tightly wound in
a cooler disk (Ju et al. 2016) and thus harder to re-
solve. Therefore, when we use fiducial resolution for
the “Mach20” runs, the gas piles up at R = 0.2− 0.3
forming a ring because the spiral waves are not well
resolved and thus cannot propagate further inward.
Doubling the radial resolution better resolves the spi-
ral waves, and doubling the vertical resolution bet-
ter resolves MRI. We do not double resolution in the
azimuthal direction to save computational cost since
there is not much structure along the azimuthal direc-
tion.
2.5. Diagnostics
In order to evaluate the efficiency of angular
momentum transport driven by MRI and spiral
shocks in our simulations, we define the effective
viscosity parameter αeff such that the correspond-
ing kinetic viscosity under the standard α theory
(Shakura & Sunyaev 1973) induces the same mass ac-
cretion rate observed in our simulations,
αeff =
M˙
3piΣcsH
, (11)
where M˙ is the mass accretion rate (the total amount
of mass passing through the radius R per unit time),
cs is the sound speed and H = cs/Ω is the thermal
scale height, and Σ = (1/2pi)
∫
z
∫ 2pi
0
ρdφdz is the az-
imuthally averaged surface density.
To compare the relative importance of MRI and
spiral shocks in driving angular momentum transport,
we split the expression of αeff into several terms that
represent the contribution from MRI and spiral shocks
respectively. Such splitting can be derived from angu-
lar momentum conservation equation. We did similar
analysis in §2.4 and §4.3.1 of Ju et al. 2016 where we
analyzed the angular momentum budget of the disk.
For reader’s convenience, we repeat some of the deriva-
tion here.
For inviscid gas, the angular momentum conserva-
tion equation in cylindrical coordinates is
∂t < ρRvφ>= − 1
R
∂R(R
2 < ρvRvφ >
−R2 < BRBφ >)+ < R× Fext >,(12)
where Fext = −ρ∇Φtot + FCori is the total external
force including the gravitational force from the com-
panion star and the Coriolis force (see the momentum
equation Eq.1b). The notation < X > represents the
vertical and azimuthal integration of variableX within
a ring of radial width ∆R at radius R:
< X >=
∫ zmax
zmin
∫ 2pi
0
Xdφdz∆R
=
∑
k
∑
j
Xi,j,k∆φj∆zk∆Ri. (13)
Once the disk reaches steady state, it is almost Ke-
plerian throughout the simulation time, so the evolu-
tion can be more clearly seen in the perturbed angular
momentum ρRδvφ = ρR(vφ−vK) where vK is the Ke-
plerian azimuthal velocity. Substituting vφ = vK+δvφ
and multiplying R on both sides, equation 12 becomes
∂t < ρ > (RvK)R + ∂t < ρRδvφ > R
=−∂R < RρvR > (RvK)− < RρvR > ∂R(RvK)
−∂R(R2 < ρvRδvφ >) + ∂R(R2 < BRBφ >)
+ < R× Fext > R. (14)
Note that the first terms on the left and right side can-
cel due to mass conservation equation (Eq.1a). The
conservation equation for perturbed angular momen-
tum becomes
∂t < ρRδvφ > R
=− < RρvR > ∂R(RvK)− ∂R(R2 < ρvRδvφ >)
+∂R(R
2 < BRBφ >)+ < R× Fext > R
= M˙∂R(RvK)− ∂R(R2 < ρvRδvφ >)
+∂R(R
2 < BRBφ >)+ < R× Fext > R, (15)
where M˙ = − < RρvR > is the mass accretion rate
at radius R. At this point, it is clear to see the an-
gular momentum budget of the accretion disk in CVs:
the time change of angular momentum of a local ring
at R in the disk (∂t < ρRδvφ > R) is caused by
the accreted gas carrying differential angular momen-
tum ( M˙∂R(RvK) ), the radial gradient of Reynolds
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stress (TR =< ρvRδvφ >) driven by spiral arms and
Maxwell stress (TM = − < BRBφ >) driven by MRI,
and lastly the external torque exerted on the disk
(< R × Fext > R). If we integrate this equation over
the whole radial range of the disk, the time change
of the total angular momentum of the disk would be
caused by the gas which carries angular momentum en-
tering (e.g. inflow from L1 point) or leaving the disk
(e.g. outflow at outer boundary and accretion into the
inner boundary), the radial advection of angular mo-
mentum driven by Reynolds stress and Maxwell stress,
and the external torque exerted on the disk.
In a steady-state MHD disk, the time derivative
term on the left hand side is zero, which gives
M˙
R
∂R(RvK)
=
1
R
∂R(R
2 < ρvRδvφ > −R2 < BRBφ >)
− < R × Fext > . (16)
Integrating this equation in the radial direction gives
M˙ =
1
RvK
(
R2 < ρvRδvφ > −R2 < BRBφ >
−
∫
R < R× Fext > dR + C) (17)
where we assume M˙ is a constant over radius in steady
state. Plugging this formula into the expression for
αeff we get
αeff =
2
3
TR
P
+
2
3
TM
P
+
− ∫ R < R × Fext > dR+ C
3piΣcsHRvK
(18)
where
TR =< ρvRδvφ > /2piLz, (19)
is the azimuthally- and vertically averaged Reynolds
stress, and
TM = − < BRBφ > /2piLz (20)
is the azimuthally- and vertically averaged Maxwell
stress. The constant C is set by the boundary condi-
tion.
From this equation, we can clearly see the mech-
anisms that drive mass accretion in CV disks: the
Reynolds stress from the spiral shocks, the Maxwell
stress from the MRI, and the external torques. While
the external torque exerted by the companion star
plays an important role at the large radii where tidal
effects are strong, the stresses induced by spiral shocks
and MRI dominate at the small radii where most of
the disk resides. Therefore, we measure the time-,
azimuthal- and vertical- averaged TR and TM to com-
pare the relative importance of the two major mecha-
nisms in driving angular momentum transport: spiral
shocks and MRI.
3. THE FIDUCIAL MODEL
In order to study the effects of varying the geom-
etry and strength of injected magnetic field as well as
the Mach number of gas, we first consider a standard
model as a reference for the comparison studies. We
take the model “Bz-Mach10-β100-res1” as our fidu-
cial model. The parameters of this model are listed in
Table 1.
We begin by describing the evolution of this model.
In Figure 2 we show the evolution of characteristic
properties of the disk: the surface density Σ, the mag-
nitude of the magnetic field |B|, the Reynolds stress
TR, the Maxwell stress TM , the mass accretion rate
M˙ , the effective α, the plasma β which is the ratio of
the gas pressure to the magnetic pressure, and lastly
the viscous timescales ts =
1
3(2−γ)2
R2
ν (where γ is the
specific heat ratio, ν = αcsH is the kinematic vis-
cosity). These quantities are all volume averaged in
azimuthal and vertical directions and time averaged
over several time periods: [26, 32], [76, 82], [126, 132],
[176, 182], [226, 232]. Each period is 6 time units in
length which is about 1 binary orbit (one binary or-
bit = 2pi time units). The disk starts with uniform
surface density and vertical magnetic field, so spiral
arms and MRI are quickly developed. Meanwhile, the
gas stream, as well as vertical magnetic field, flows in
through the L1 point. At the beginning of the simu-
lation, the surface density keeps increasing since the
mass accretion rate at the inner boundary induced by
spiral shocks and MRI is smaller than the mass inflow
rate at the L1 point. Consequently, the spiral shocks
become stronger thus the Reynolds stress TR increases
over time. Likewise, the vertical magnetic field piles up
in the disk due to the higher injection rate of magnetic
flux at the outer boundary and therefore |B| increases
over time. MRI becomes stronger thus the Maxwell
stress TM increases. As TR and TM both increase, the
induced mass accretion rate M˙ near the inner bound-
ary increases and eventually catches up with the mass
inflow rate at L1 point. The flat radial profiles of M˙
indicates a steady state is reached. In Figure 3 (up-
per left panel), we show the time history of the mass
accretion rate at the outer boundary (black line) and
at the inner boundary (red line). The disk reaches
steady state after t ∼ 50. The whole simulation runs
to t = 240 which covers ∼ 580 Keplerian orbits at
R = 0.15 (middle area of the disk), ∼ 60 binary or-
bits, or ∼ 8 viscous timescales.
As a consistency check, we compare our model with
the steady-state α disk theory in Fig.3. The black
solid lines are the radial profiles of mass accretion rate
M˙ , αeff and surface density Σ averaged over time
200 − 238 from our simulation. In a steady-state α
disk, M˙ and α are constant in the disk. Therefore,
we measure the mean values of M˙ and αeff within
the radial range R ∈ [0.03, 0.25] where the majority of
the disk resides, and mark them as red dashed lines.
The measurement gives M˙ = 0.02 and αeff = 0.08.
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Figure 2. Time evolution of characteristic properties of the disk in the fiducial model “Bz-Mach10-β100-res1”: the surface density
Σ (first row left), the magnitude of the magnetic field |B| (first row right), the Reynolds stress TR (second row left), the Maxwell
stress TM (second row right), the mass accretion rate M˙ (third row left), the effective viscosity parameter αeff (third row right), the
plasma β (last row left), and the viscous timescales (last row right). All quantities are volume averaged and time averaged over the
following time periods: [26, 32], [76, 82], [126, 132], [176, 182], [226, 232].
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Using these mean values, we predict the radial surface
density profile under the standard α disk theory Σ =
M˙/3piν where ν = αeff csH is the kinematic viscosity.
The predicted profile for Σ is marked as the dashed red
line in the lower right panel of Fig.3, which well fits the
surface density profile from our simulation data shown
in black line. Therefore, our model is consistent with
a standard α disk with α = 0.08 and Σ ∝ R−4/3.
This is the first global steady-state MHD model of
CV disk with relatively realistic temperature profile.
In Figure 4 we show the snapshots of gas density (up-
per panel) and magnitude of magnetic field |B| (lower
panel) of the steady-state CV disk at t = 238. The
two-armed spiral structure excited by the binary po-
tential is clearly seen in the density field (see Ju et al.
2016 for more discussions on spiral shocks). During
the whole evolution, the spiral patterns are static in
the rotating frame. As mass is injected via L1 point,
the density of the spiral arms increases everywhere
with an increasing concentration at inner radius due to
the outward angular momentum transport driven by
spiral shocks and MRI. The ratio of density across the
shocks is ∼ 1.5− 3 and remains in the same range as
the disk becomes more massive. Meanwhile, the mag-
netic field is turbulent throughout the disk indicating
the presence of MRI, which also induces turbulence
in the density field. The magnetic field is amplified
due to MRI: the steady-state disk has β = 10 (see
radial profiles of β in Figure 2) while the seed mag-
netic field at L1 point has β = 100. Another impor-
tant diagnostic of well-resolved MRI-driven turbulence
that is independent of seed magnetic field topology or
strength is the ratio of the Maxwell stress to the mag-
netic pressure αmag = TM/Pb ≈ 0.45 (Hawley et al.
1995, 2011, 2013) or equivalently the magnetic tilt
angle θB = arcsin(αmag)/2 ≈ 13◦ (Guan & Gammie
2009). Hawley et al. (2013) did a series of global 3D
MHD simulations of stratified disks and reported that
αmag falls in the range of [0.35, 0.55] with a mean of
0.45 in MRI-resolved models. When the vertical res-
olution decreases, they found the value of αmag tends
to decrease. In Figure 5 we plot the radial profiles of
αmag of our fiducial model that are averaged at dif-
ferent times of the simulation. The profile is mostly
time invariant and the values of αmag almost linearly
increase from ∼ 0.2 at the inner boundary to ∼ 0.6
at outer boundary. This is because the thermal scale
height H = R/M = 0.002(R/Rmin)9/8 which in-
creases with radius while the vertical resolution is fixed
at all radii. Therefore, there are increasing grid cells
per scale height as radius increases. This is unavoid-
able for disk simulations in cylindrical coordinates.
The way to solve this problem is to have a varying ver-
tical resolution that is adaptive to the thermal scale
height profile.
To compare the relative importance of spiral shock
and MRI in driving angular momentum transport, we
compare the Reynolds stress and the Maxwell stress
in Figure 6. The profiles are volume-averaged in az-
imuthal and vertical directions and time-averaged over
t = 200−238. Both stresses are peaked near the inner
edge due to the more concentrated density and mag-
netic field there. Within R < 0.25 where the majority
of the disk resides, the Maxwell stress is greater than
the Reynolds stress with a ratio TM/TR ∼ 3. Previ-
ous investigations about MRI in isolated disks around
a single gravitational source have found the Maxwell
stress always dominates the Reynolds stress where the
Reynolds stress is from the turbulence generated by
MRI. The ratio of Maxwell stress to Reynolds stress
in previous simulations is 4 − 6 (Hawley et al. 1995;
Stone et al. 1996; Hawley et al. 1999; Blackman et al.
2008; Sorathia et al. 2012; Shi et al. 2016). In our CV
disk models, the Reynold stress also comes from the
spiral shocks, which makes it closer to the Maxwell
stress than conventional MHD models. This indicates
that the role of spiral shocks in driving angular mo-
mentum transport in CV disks cannot be neglected.
4. EFFECTS OF SEED FIELD STRENGTH
The strength of seed magnetic field or the magneti-
zation of the disk is a potential factor to affect angular
momentum transport in the disk driven by MRI. The
magnetization is usually measured with 1/β where
β = ρc2s/(1/2B
2) is the ratio of gas pressure to mag-
netic pressure. Previous MHD simulations found that
the initial onset of MRI is faster when β is smaller be-
cause the growth rate of MRI at a specific wavelength
longer than λMRI is proportional to the Alfve´n speed
vA (Hawley et al. 2013). They also found the effective
viscosity parameter αeff during quasi-steady states is
proportional to the magnetization 1/β. In CV sys-
tems, observational data about the strength of mag-
netic field is still rare. Therefore, it is worth exploring
the effects of varying seed magnetic field strength in
CV disk simulations.
To compare with the fiducial model, we conduct
another model “Bz-Mach10-β400-res1” which has all
the same numerical parameters as the fiducial model
“Bz-Mach10-β100-res1” except that β of the seed mag-
netic field in the inflow at L1 point in this model is four
times of that in the fiducial model. In other words, the
seed field in this model has half of the strength of that
in the fiducial model.
In Figure 7 we compare the characteristic diagnos-
tics of the “Bz-Mach10-β100-res1”model and the “Bz-
Mach10-β400-res1” model, the surface density Σ, the
plasma β, the Reynolds stress TR, the Maxwell stress
TM , the mass accretion rate M˙ and the effective viscos-
ity parameter αeff , all of which are volume- and time-
averaged over t = 200− 238. During this time period,
both models have reached steady state. The magnetic
field of the model “Bz-Mach10-β400-res1” is amplified
from β = 400 in the L1 inflow stream to β ∼ 25 in
the steady-state disk, which is to be compared with
the fiducial model “Bz-Mach10-β100-res1” where the
magnetic field is amplified from β = 100 in the L1 in-
flow stream to β ∼ 8 in the steady-state disk. Corre-
spondingly, the Maxwell stress TM in the “Bz-Mach10-
β100-res1” model is greater than the the “Bz-Mach10-
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Figure 3. Top left: time evolution of mass accretion rates at inner (red line) and outer (black line) boundaries for the fiducial
model “Bz-Mach10-β100-res1”. The rest three panels: fitting the fiducial model “Bz-Mach10-β100-res1” using the steady-state α disk
theory. The black lines are the radial profiles of the mass accretion rate M˙ (top right), αeff (bottom left), and the surface density
Σ (bottom right), all of which are volume- and time- averaged over t = 200− 238. The area at R > 0.25 is dominated by the inflow
stream and the area at R < 0.03 is affected by the inner boundary conditions, so they are both shaded for less attention. Mean values
of M˙ and αeff (dashed red lines) are measured within the unshaded area 0.03 < R < 0.25 where the majority of the disk resides.
The predicted profile of Σ according standard α disk theory is calculated as Σ = M˙/3piν (ν = αeff csH is the kinematic viscosity),
which is the dashed red line in the bottom right panel.
β400-res1” model by a factor of 1.5−2 which indicates
more efficient angular momentum transport driven by
MRI. The surface density of the steady-state disk in
the “Bz-Mach10-β100-res1” model is lower than that
in the fiducial model by a factor of ∼ 1.5 due to the
different accretion history: MRI in the “Bz-Mach10-
β100-res1” model has a faster growth rate, so the disk
reaches steady state earlier, whereas the “Bz-Mach10-
β400-res1” model has a longer phase of mass pile-up
before reaching steady state. The Reynolds stresses of
the two models are comparable with the stress in the
“Bz-Mach10-β100-res1” model being slightly smaller
due to the smaller surface density. The mass accre-
tion rates of the two models are comparable especially
in the disk area within R < 0.25. The M˙ value of
the “Bz-Mach10-β100-res1”model at the outer bound-
ary is slightly lower because the stronger MRI in this
model may drive more mass loss as winds through
the outer boundary. The effective viscosity parame-
ter is αeff ∼ 0.1 in the “Bz-Mach10-β100-res1” model
which is larger than that in the “Bz-Mach10-β400-
res1” model by a factor of 1.5 because this model has
the same mass accretion rate as the fiducial model but
lower surface density.
In Figure 8 we compare the Reynolds stress and the
Maxwell stress in the “Bz-Mach10-β400-res1” model.
In this model, the two stresses are comparable in the
majority of the disk which indicates that the spiral
shocks and the MRI have comparable importance in
driving angular momentum transport when the seed
filed has β ∼ 400 in a “Mach10” disk. Compared with
the fiducial “Bz-Mach10-β100-res1” model, since MRI
is stronger and drives more efficient angular momen-
tum transport when β of the seed magnetic field is
smaller, i.e., the inflow gas is more strongly magne-
tized, MRI plays a more important role than spiral
shocks when the seed field has β < 400.
What is a plausible range for the value of β in the
plasma flowing from the donor star in CV systems?
The closest analogy to the surface activity of donor
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Figure 4. Snapshots of the gas density (upper panel) and the
strength of magnetic field |B| (lower panel) at t = 238 in the
fiducial model “Bz-Mach10-β100-res1”.
stars in CVs is the surface activity of the Sun. The
plasma-β of the solar photosphere is found to have a
wide range from ∼ 1 at a sunspot to a few×102 in a
plage region (Gary 2001; see Wiegelmann et al. 2014
for review). Recently, Wiegelmann et al. (2015) con-
ducted a magneto-static magnetic field model for the
solar atmosphere using high-resolution photospheric
magnetic field measurements from SUNRISE/IMaX as
boundary condition, and found the horizontally aver-
aged β ∼ 1 − 8 × 102 in the photosphere of the Sun
(see their Figure 3).
5. EFFECTS OF SEED FIELD GEOMETRY
King et al. (2007) have questioned whether MRI
can explain angular momentum transport in accre-
tion disks at all, given some local shearing-box MHD
simulations gave αeff . 0.01 while observations of
dwarf novae outbursts require αeff ∼ 0.1 − 0.3 dur-
Figure 5. MRI saturation predictor: the ratio of the Maxwell
stress TM to the magnetic pressure Pb = (1/2)|B|
2 in the fidu-
cial model “Bz-Mach10-β100-res1”. The values of TM and Pb
are volume- and time- averaged over the following time periods:
[26, 32], [76, 82], [126, 132], [176, 182], [226, 232].
Figure 6. Comparison of the Reynolds stress and the Maxwell
stress in the fiducial model “Bz-Mach10-β100-res1” as an in-
dicator of the relative importance of spiral shocks and MRI
in driving angular momentum transport. Both quantities are
volume- and time- averaged over t = 200− 238.
ing outbursts. They especially selected shearing-box
simulations with zero net vertical magnetic flux due
to the concern that simulations with a superimposed
net vertical field tend to yield estimates of αeff larger
by an order of magnitude than those which do not
according to the local simulations by Hawley et al.
(1995). Actually, more recent global MHD simula-
tions have reported that αeff could be of order 0.1
even for models with zero net vertical flux although
it can only be achieved during the transient phase of
MRI growth (Hawley & Krolik 2001; Sorathia et al.
2012; Hawley et al. 2013). The general conclusions
from the various MHD simulations, both local and
global, that studied the effects of seed field geom-
etry to MRI (Hawley et al. 1995; Stone et al. 1996;
Sano et al. 2004; Sorathia et al. 2012; Hawley et al.
2013; Shi et al. 2016) are: the models with initial
toroidal field have a longer initial MRI growth phase
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Figure 7. Comparison of effect of seed magnetic field strength. Characteristic properties of the disk in the fiducial model “Bz-
Mach10-β400-res1” (solid black lines) and the model “Bz-Mach10-β100-res1” (dotted red lines): the surface density Σ (top row left),
the plasma β (top row right), the Reynolds stress TR (middle row left), the Maxwell stress TM (middle row right), the mass accretion
rate M˙ (bottom row left) and the effective viscosity parameter αeff (bottom row right). All quantities are volume averaged and time
averaged over t = 200− 238.
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Figure 8. Comparison of the Reynolds stress and the Maxwell
stress in the model “Bz-Mach10-β400-res1” as an indicator of
the relative importance of spiral shocks and MRI in driving
angular momentum transport. Both quantities are volume- and
time- averaged over t = 200 − 238.
before MRI turbulence saturates than the models with
initial vertical field; the ratio of the Maxwell stress to
the gas pressure, i.e. the efficacy of angular momen-
tum transport driven by MRI, is up to one order of
magnitude larger in the initial vertical field models
than in the initial toroidal field models upon satura-
tion, but has much smaller differences in long-term
average of the quasi-steady states of global MHD mod-
els (Sorathia et al. 2012; Hawley et al. 2013). Here we
present the global MHD model of CV disks with zero
vertical seed field to explore the effects of seed mag-
netic field geometry to the steady-state behavior of
MRI. Compared with previous studies, one major dif-
ference of our study is that it is the geometry of the
seed magnetic field that flows in from the L1 point
rather than the initial field geometry in the disk that
dominates the evolution of MRI. The initial magnetic
field can be washed out within a viscous timescale.
5.1. The “Loop-Mach10-β400-res1” Model
The model “Loop-Mach10-β400-res1” has parame-
ters as listed in Table 1. The disk starts with uniform
density and toroidal magnetic field with azimuthal
wavenumberMc = 20 (see §2.4 for details of the initial
and boundary conditions). No initial artificial pertur-
bation is provided since the binary gravitational is nat-
ural perturber in the velocity and density field. The
seed magnetic field flows with the gas stream into the
computational domain through the L1 point as field
loops in the disk plane with zero vertical component
(Eq.9). The strength of the seed field is set by β = 400,
the same strength with the “Bz-Mach10-β400-res1”
model. The simulations runs to t = 260 which cov-
ers ∼ 625 Keplerian orbits at R = 0.15 (middle area
of the disk) and 2− 5 viscous timescales.
In the first panel of Figure 9 we show the time-
history of the mass accretion rate at the inner and
outer boundaries of this model. Similar to the “Bz-
Mach10-β400-res1” model, initially the accretion rate
at the inner boundary is much smaller than the mass
supply rate at the outer boundary, thus the mass as
well as the magnetic field piles up in the disk. As
the spiral shocks and MRI are developed and grow
stronger due to the increase of gas density and mag-
netic field strength in the disk, the inner mass accre-
tion rate gradually catches up with the outer mass
supply rate. The growth of the inner mass accretion
rate is much slower than that in the “Bz-Mach10-β400-
res1” model, which is because MRI grows much slower
when there is zero vertical component in the seed field.
While the outer mass supply rate is quite steady, the
inner mass accretion rate has eruptive features.
Despite the eruptive mass accretion history, the
disk reaches steady state if examined over a longer
period of time. Similar to the steady-state analysis of
the fiducial model in §3, here we also fit the surface
density profile using the standard α theory. In the
last three panels of Figure 9, we plot in solid black
lines the radial profiles of the mass accretion rate M˙ ,
αeff and the surface density Σ which are time- and
volume- averaged over t = 200− 238. We measure the
mean values of M˙ and αeff within the radial range
R ∈ [0.03, 0.25] where the majority of the disk resides
and mark them as red dashed lines. The measurement
gives M˙ = 0.017 and αeff = 0.016. Plugging the mean
values into the standard α theory Σ = M˙/3piν where
ν = αeffcsH is the kinematic viscosity, it gives the red
dashed line in the last panel of Figure 9. It is in gen-
eral a good fit to the black line except the simulation
profile of Σ is slightly steeper than the theoretical pre-
diction. The small discrepancy is because the disk is
not in perfect steady state, i.e., the radial profile of the
mass accretion rate is not a perfectly flat. In fact, due
to the self-consistent cyclic evolution of the gas and
magnetic field, a steady state is reached only in long
term averages, which is equivalent to a standard thin
disk with M˙ = 0.017 and αeff = 0.016. Compared
with the fiducial model in Figure 3, the averaged M˙
of the current model “Loop-Mach10-β400-res1” is 90%
of that of the fiducial model, and the averaged αeff of
the current model is 50% of that of the fiducial model.
This indicates that a larger value of αeff is favored
when the seed magnetic field has vertical components.
To compare the relative importance of spiral shocks
and MRI in driving angular momentum transport in
this model, we plot the radial profiles of the Reynolds
stress and the Maxwell stress that are volume- and
time- averaged over t = 200−238 in Figure 10. Similar
to the “Bz-Mach10-β400-res1” model, the Reynolds
stress is comparable to the Maxwell stress in most of
the disk area (0.05 < R < 0.25). Considering the
Reynolds stress generated by the MRI turbulence is
only 1/6 to 1/4 of the Maxwell stress according to
previous MHD simulations, in our model, most of the
Reynolds stress is due to spiral shocks. Therefore,
similar to the “Bz-Mach10-β400-res1” model, spiral
shocks are as important as MRI in driving angular mo-
mentum transport in the model with zero vertical seed
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Figure 9. Top left: time evolution of mass accretion rates at inner (red line) and outer (black line) boundaries for the model
“Loop-Mach10-β400-res1”. Other three panels: fitting the model “Loop-Mach10-β400-res1” using the steady-state α disk theory.
The black lines are the radial profiles of the mass accretion rate M˙ (top right), αeff (bottom left), and the surface density Σ (bottom
right), all of which are volume- and time- averaged over t = 200 − 238. Similar to Figure 3, the area at R > 0.25 is dominated by
the inflow stream and the area at R < 0.03 is affected by the inner boundary conditions, so they are both shaded for less attention.
Mean values of M˙ and αeff (dashed red lines) are measured within the unshaded area 0.03 < R < 0.25 where the majority of the
disk resides. The predicted profile of Σ according standard α disk theory is calculated as Σ = M˙/3piν (ν = αeff csH is the kinematic
viscosity), which is the dashed red line in the bottom right panel.
magnetic field. The difference of the current model
from the fiducial model is that the Reynolds stress
has a peak close to the inner boundary (R < 0.05)
which is higher than the Maxwell stress. This is due
to the peak of surface density near the inner boundary
(see §5.2 for more discussions). Due to the cyclic “pile
up - accretion” characteristic of the magnetic field,
there are periods of time during the evolution when
the magnetic field is so weak near the inner boundary
that MRI is not resolved in that area. This results in
ineffective mass accretion near the inner edge of the
disk, which leads to large surface density there.
5.2. Comparing Seed Field Geometries
In Figure 11 we show snapshots of the gas den-
sity and strength of the magnetic field for the models
of “Bz-Mach10-β400-res1” and “Loop-Mach10-β400-
res1” at t = 230 to compare the effects of seed mag-
netic field geometry. From the spiral patterns in the
density field and turbulence patterns in the magnetic
field, there is little difference between the two mod-
els except detailed structures. In addition, to study
the effects of MRI on the evolution of spiral shocks as
well as the overall angular momentum transport pro-
cess, we perform anther model “Hydro-Mach10-res1”
where all the initial and boundary conditions are the
same with the former two MHD models except the
magnetic field is zero. We show the snapshot of gas
density for this hydrodynamical model at t = 48 in the
right panel of Figure 11. Compared with the MHD
models, the spiral arms in the hydro model are more
tightly wound. This is because the pitch angles of
the spiral arms are positively correlated with the fast
magnetosonic speed
√
c2s + v
2
A where cs is the sound
speed and vA is the Alfve´n speed (see §of Ju et al.
2016 for more discussions). While the sound speed of
the hydro model is the same with the MHD models,
the Alfve´n speed is zero in the hydro model, which
results in smaller pitch angles of spiral arms. Since
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Figure 10. Comparison of the Reynolds stress and the
Maxwell stress in the model “Loop-Mach10-β400-res1” as an
indicator of the relative importance of spiral shocks and MRI
in driving angular momentum transport. Both quantities are
volume- and time- averaged over t = 200− 238.
the weaker and more tightly wound spiral shocks in
the hydro model drive less efficient angular momen-
tum transport, the mass accretion rate in the hydro
model is smaller than the MHD models such that gas
piles up as a ring at R ∼ 0.3 at late times of the hydro
model (t ∼ 230).
In Figure 12 we compare more characteristic quan-
tities of the three models with different (or no) mag-
netic field geometry: the surface density Σ, αeff ,
the Reynolds stress TR, and the Maxwell stress TM .
All quantities are time- and volume- averaged over
t = 200 − 238. Although we plot the whole radial
range for completeness, more attention should be paid
to the region R < 0.25 where the majority of the disk
resides. Firstly, we compare the surface density in the
first panel. The two MHD models “Bz” and “Loop”
have smoother profiles than the “Hydro” model. This
is because in the “Hydro” model when the mass in-
flow rate exceeds the capability of angular momentum
removal driven by spiral shocks, the gas may pile up
locally at certain radius which leads to density bumps.
This is similar to the “Inflow-isothermal-cs0.1” hydro
model in Ju et al. (2016) where the gas sound speed
is so low thus the spiral waves are so weak that gas
piles up as a ring at R ∼ 0.15. However, in the MHD
models, the outward transport of angular momentum
driven by MRI can efficiently smear out density bumps
in the disk. This further stresses that MRI is crucial
for a steady-state CV disk because spiral shocks only
cannot provide enough transport of angular momen-
tum when the gas temperature is low. Comparing the
two MHD models with different seed field geometry,
their surface density follow the same power law pro-
file (also see Figure 3 and Figure 9 for Σ profiles in
logarithmic scale), however, the values of surface den-
sity in the “Loop” model is about three times of that
in the “Bz” model. This is due to their different ac-
cretion history. On the one hand, the growth rate
of MRI in the “Loop” model is much slower than in
the “Bz” model, thus the mass accretion rate in the
“Loop” model took a longer time to grow. On the
other hand, since the mass accretion history of the
“Loop” model has eruptive features due to the cyclic
evolution of the magnetic field strength in the disk (see
§5.1 for detailed discussions), there are periods of time
in the “Loop” model when the magnetic field is very
weak near the inner boundary thus the accretion rate
is low. Therefore, although the “Bz” model and the
“Loop” both eventually reach steady state, there is
much less mass accreted in the “Loop” model during
the simulation time. Since the two models have the
same mass inflow rate from the L1 point, the “Loop”
model ends up with a more massive disk.
Secondly, the profiles of the Reynolds stress TR of
the three models are quite similar (lower left panel of
Figure 12). Only within R < 0.08 are there differences:
TR of the “Loop” model is larger than that of the “Bz”
model by a factor of 4, and TR of the “Hydro” model
is larger than that of the “Bz” model by a factor of
∼ 1.3. The difference between the “Loop” model and
the “Bz” model is mostly due to the higher surface
density near the inner edge of the disk in the “Loop”
model since TR = ΣvRδvφ is proportional to Σ. Since
the ratio of Σ in the “Hydro” model to that in the
“Bz” model is about 3 but the ratio of TR is only 1.3,
this implies that the measure of perturbation vRδvφ is
stronger in the “Bz” model. This mostly comes from
the extra turbulence generated by MRI. The fact that
TR in the MHD models is not much greater than the
hydro model implies that MRI does not enhance the
strength of spiral shocks by much. Diffusive processes
like MRI turbulence are expected to expand the CV
disk which makes the tidal response of the disk to the
companion star stronger (Kley et al. 2008). However,
this effect is not obvious in our simulations since it
is difficult to define the outer edge of the disk and
measure its motion.
Thirdly, the profiles of the Maxwell stress TM of the
two MHD models are quite similar (lower right panel
of Figure 12). This indicates the efficacy in driving
angular momentum transport of MRI does not depend
much on the seed field geometry. No matter what the
geometry of seed field is, the CV disk can always reach
a self-regulating steady state: when the MRI in the
disk is weak and mass accretion rate is low, the gas
as well as the magnetic flux piles up in the disk due
to the constant supply of gas and seed magnetic field
which leads to higher surface density and magnetic
field strength, thus the Reynolds stress and Maxwell
stress increases which makes the mass accretion rate
increase until it matches the mass supply rate.
Lastly, the profiles of the effective viscosity param-
eter αeff is shown in the top right panel of Figure 12.
This parameter is defined in Eq. 11 using the mass ac-
cretion rate measured from our simulations. The αeff
of the “Bz” model (∼ 0.03) which is about twice that
of the “Loop” model (∼ 0.015). This is because the
stresses that drive mass accretion in the “Loop” model
and the “Bz” model are comparable while the “Loop”
model has higher surface density. As we discussed in
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Figure 11. Snapshots of the gas density (top row) and the strength of magnetic field |B| (bottom row) in the fiducial model
“Bz-Mach10-β400-res1” at t = 230 (left column), the model “Loop-Mach10-β400-res1” at t = 230 (middle column), and the hydro-
dynamical model “Hydro-Mach10-res1” at t = 48 (right column).
§5.1 about Figure 3 and Figure 9, the mass accretion
rate of the two models are comparable, which may be
converted to comparable luminosity in observations.
Therefore, αeff may not be the best parameter to be
compared with dwarf novae observations.
As a summary, by comparing the hydro model
(“Hydro-Mach10-res1”) and two MHD models with
vertical seed magnetic field (“Bz-Mach10-β400-res1”)
and loop seed field with zero vertical component
(“Loop-Mach10-β400-res1”), we reach the following
conclusions.
• MRI is crucial for a steady-state CV disk be-
cause spiral shocks only cannot provide enough
transport of angular momentum when the gas
temperature is low.
• A larger αeff or greater accretion efficiency is
favored when the seed field has vertical compo-
nents.
• The relative importance of Reynolds stress and
Maxwell stress in driving angular momentum
transport does not depend on the seed field ge-
ometry.
6. EFFECTS OF MACH NUMBER
Thermodynamics has been realized to be crucial
for spiral density waves in CV disks. For exam-
ple, the pitch angles of spiral patterns are related to
the Mach number of gas as arctan(M) (Spruit 1987;
Makita et al. 2000; Hennebelle et al. 2016; Ju et al.
2016). In other words, the spiral arms in CV
disk are more tightly wound when the gas tempera-
ture decreases (thus M increases), which often leads
to rapid decrease in the strength of spiral shocks
thus rapid decrease in the efficacy of angular mo-
mentum transport driven by spiral shocks. With
the technique of Doppler tomography, spiral pat-
terns have been reconstructed for several eclipsing
CV systems (Steeghs et al. 1997; Harlaftis et al. 1999;
Groot 2001; Neustroev et al. 2004; Hartley et al. 2005;
Neustroev et al. 2011). However, multiple follow-
up numerical work found that to resemble the spi-
ral patterns from observations, the disk needs to be
much hotter than the temperature estimated from
eclipse mapping (Savonije et al. 1994; Steeghs et al.
1997; Godon et al. 1998). For example, Godon et al.
(1998) did 2D hydrodynamical models with parame-
ters appropriate for the eclipsing dwarf nova binary
IP Peg using a hybrid Fourier-Chebyshev spectral
method where they found that, in order to reproduce
the shape of spiral patterns discovered in Doppler map
of IP Peg, the temperature of CV disk in the mod-
els needs to be higher than the observed values by
a factor of ∼ 30 (although controversy exists in in-
terpretation of the Doppler tomograms (Smak 2001)).
Savonije et al. (1994) proposed that spiral waves can-
not appear in cool CV disks at all (Mach number
M > 25) because the wavelength of tidal response
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Figure 12. Comparison for effects of seed magnetic field geometry. Characteristic properties of the disk in the fiducial model
“Bz-Mach10-β400-res1” (solid black lines), the model “Loop-Mach10-β400-res1” (dotted blue lines), and the hydrodynamical model
“Hydro-Mach10-res1” (dashed red lines): the surface density Σ (upper left panel), the effective viscosity parameter αeff (upper right
panel), the Reynolds stress TR (lower left panel) and the Maxwell stress TM (lower right panel). All quantities are volume averaged
and time averaged over t = 200− 238.
is much shorter than the length-scale of the tidal force
so that waves cannot successfully propagate inward
without significant decay.
Therefore, here we try to explore the MHD and
the angular momentum transport process in a cooler
disk. Since all the models that we discussed in previ-
ous sections adopt locally isothermal equation of state
where the temperature profile follows that of a stan-
dard α disk and the Mach number at the inner disk
edge is 10, in this section we present the model “Bz-
Mach20-β100-res2” which doubles the Mach numbers
in previous models. As listed in Table 1, the seed mag-
netic field is vertical and has plasma β = 100 which is
the same as the fiducial model. Since spiral arms are
much more tightly wound in this cooler disk model, we
double the resolution in the radial and vertical direc-
tions to better resolve them. Due to the challenging
computational cost, we run the simulation to t = 29.7
which takes ∼ 0.2 million CPU · hours.
In the upper panels of Figure 13 we show the snap-
shots of the gas density and the magnitude of magnetic
field of the model “Bz-Mach20-β100-res2” at t = 28.
Like the fiducial model, the magnetic field is turbulent
indicating the presence of MRI. However, unlike the
fiducial model, there are no obvious spiral structures
in the snapshot of density. Gas piles up in a ring at
R ∼ 0.25−0.3, which is approximately the circulariza-
tion radius given the initial angular momentum of the
flow at the L1 point. This is because spiral density
waves are more tightly wound in a cooler disk, thus
are harder to propagate further inward. Actually, we
also did one corresponding hydro model with the same
initial and boundary conditions with the model “Bz-
Mach20-β100-res2” but zero magnetic field where we
found that although gas also piles up at R ∼ 0.25−0.3
as a ring, there are weak spiral density waves that
propagate into the inner disk region. However, in the
MHD model “Bz-Mach20-β100-res2”, these weak spi-
ral waves may have been erased by the turbulence gen-
erated from MRI.
In the lower left panel of Figure 13 we show the
time history of the mass accretion rate M˙ at the inner
and outer boundaries. The mass accretion rate at the
inner boundary is only 1/5 of the mass supply rate at
the outer boundary, which is quite steady over time
and has no sign of growing. Therefore, the disk does
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not reach steady state and gas keeps piling up in the
disk especially in the ring at R ∼ 0.25− 0.3.
Given the disk is not in steady state, we are not
able to do conclusive comparison of the importance
of the spiral shocks and the MRI in driving angular
momentum transport. But using the available data,
we still plot the volume- and time- averaged radial
profiles of the Reynolds stress and the Maxwell stress
(averaged over t = 20− 29) in the lower right panel of
Figure 13. The Reynolds stress at the inner disk re-
gion R < 0.25 is only 1/10 of the values in the fiducial
model (although note the values in this model are at
earlier time than those in the fiducial, thus the lower
density at earlier times is also a contributing factor
of the lower Reynolds stress), so angular momentum
transport driven by the spiral shocks is very weak. The
Maxwell stress dominates the Reynolds stress by a fac-
tor of ∼ 4, which makes the disk more like an MRI-
driven turbulent disk around a single star like the pre-
vious MRI models (Sorathia et al. 2012; Hawley et al.
2013). The Reynolds stress has a bump at R ∼ 0.3
but is not large enough to diffuse the ring efficiently.
The Maxwell stress at R ∼ 0.25 − 0.3 is as small as
the Reynolds stress, thus does not induce efficient ac-
cretion of the ring either.
7. CONVERGENCE STUDY
In order to make sure our results do not depend on
numerical resolution, we perform a convergence study
for the “Bz-Mach10-β400” model with vertical seed
magnetic field and inner edge Mach number M = 10.
The model “Bz-Mach10-β400-res1” has a resolution of
384(R)×704(φ)×32z. For the resolution test, we dou-
ble the resolution in only R and z directions to reduce
computational cost because resolution in these two di-
rections is the constraining factor for resolving spiral
shocks and MRI. The resolution study in Hawley et al.
(2013) also adopted this method. This higher reso-
lution model is denoted with “Bz-Mach10-β400-res2”
in Table 1 which has 768(R) × 704(φ) × 64(z). Both
the lower resolution model and the higher resolution
model have logarithmically spaced grids in the radial
direction and evenly spaced grids in the azimuthal and
vertical directions. Due to the computational cost,
the higher resolution model is run to t = 22.7 which
is only one tenth of the fiducial model. But it is al-
ready long enough to study the major characteristics
of spiral shocks and MRI since it covers ∼ 55 Keple-
rian orbits at R = 0.15 (middle area of the disk) and
almost covers one viscous timescale (see the viscous
timescales averaged over time 26 to 32 in Figure 2).
In Figure 14 we show the results of comparing the
radial profiles of the surface density Σ, the Reynolds
stress TR, the Maxwell stress TM and the effective vis-
cosity parameter αeff , all of which are volume- and
time- average over t = 17 − 22. For the profile of
Σ, the two resolution models are in general consis-
tent except a little difference near the inner boundary.
One one hand, this is because the system is highly dy-
namic so there will always be transient difference in
detailed structures; on the other hand, regarding the
spiral shocks, as we discussed in the convergence study
for our hydrodynamical models of CV disk in §4.5 of
Ju et al. (2016), a higher resolution could resolve more
fine scale structures produced by hydrodynamical in-
stabilities which could also contribute to differences
in the distribution of surface density. For the profiles
of TR, TM and αeff , the two resolution models have
perfect agreement. Therefore, we conclude the “Bz-
Mach10-β400-res1” model has reached convergence.
8. DISCUSSION AND CONCLUSION
In this work, we conducted a series of 3D global
MHD simulations of unstratified CV disks with lo-
cally isothermal equation of state in order to study
the relative importance of spiral shocks and MRI in
driving angular momentum transport. For the first
time, we have the global MHD steady-state models of
CV disks with relatively realistic temperature profiles.
This is the first study of the evolution of CV disks
driven by self-consistent mechanisms of angular mo-
mentum transport and supply of mass and seed mag-
netic field. Comparing the steady-state solutions with
different seed field geometry, seed field strength, and
disk Mach number, we reach the following conclusions:
• When the disk Mach number is 7 − 10 (the
“Mach10” models), the steady-state disk can be
fit using the standard thin disk theory. The effec-
tive viscosity parameter αeff is ∼ 0.1 when the
seed magnetic field is vertical and has β = 100, is
∼ 0.032 when the seed magnetic field is vertical
and has β = 400, and is ∼ 0.016 when the seed
magnetic field is field loops with zero vertical
component and has β = 400. This comparison
indicates that a larger value of αeff is favored
when the seed magnetic field has vertical com-
ponents or the flow has stronger magnetization
(1/β). These results are consistent with previous
local shearing-box simulations and global simu-
lations of MRI.
• When the disk Mach number is 12 − 20 (the
“Mach20” models), our model has not reached
steady state within the simulation time which
is 1/10 in length of the “Mach10” models due
to the heavy computational cost with the higher
resolution. However, apparent trends about the
angular momentum transport in the disk have
been observed. The spiral waves are much more
tightly wound due to the lower temperature.
The spiral shocks are much weaker thus pro-
vide very limited transport of angular momen-
tum. The gas piles up near the circularization
radius, which causes increase of the magnetic
flux thus Maxwell stress at the over-density ring.
The growing MRI would eventually diffuse the
ring. Due to the weak spiral shocks, the result-
ing disk would behave more like a turbulent disk
dominated by MRI around a single star such as
previous MRI models.
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Figure 13. Diagnostics of the “Bz-Mach20-β100-res2” model. Upper panels: the snapshots of gas density (left) and the strength of
magnetic field |B| (right) at t = 28. Lower left panel: time history of the mass accretion rate M˙ at the inner (red line) and the outer
(black line) boundaries. Lower right panel: the Reynolds stress (solid black line) and the Maxwell stress (dashed red line) that are
volume- and time- averaged over t = 20− 29.
• Regarding the relative importance of spiral
shocks and MRI in driving angular momen-
tum transport in CV disks, the Reynolds stress
and the Maxwell stress are comparable in the
“Mach10” disks when the seed magnetic field has
β = 400 with or without vertical components.
When the seed magnetic field has β = 100, the
magnetization (measured by 1/β) of the disk is
increased by a factor of 2, so the Maxwell stress
dominates the Reynolds stress by a factor of
1.5 − 2. In the “Mach20” disks, however, the
spiral shocks are much weaker due to the low
temperature, so the Maxwell stress dominates
the Reynolds stress by a factor of ∼ 4 which is
more like an MRI-driven turbulent disk around a
single star. Therefore, the roles of spiral shocks
and MRI in driving angular momentum trans-
port have their own controls: the importance of
spiral shocks is controlled by the disk tempera-
ture, and the importance of MRI is controlled by
the seed magnetic field strength.
Although we mostly focus on the steady-state char-
acteristics of the disk, the evolutionary paths to the
steady state as well as their dependence on the seed
field geometry and strength and the Mach number are
also enlightening.
• The evolutionary path to the steady state follows
a self-regulating manner. When angular momen-
tum transport in the disk is inefficient, mass and
magnetic flux pile up in the disk, which strength-
ens the spiral shocks and MRI respectively. The
mass accretion rate thus keeps growing until the
steady state is reached.
• Along the path, αeff reaches peak values of
0.1 − 0.3 in all models when MRI peaks, but
decay to values of order 0.01−0.1 after MRI sat-
urates. However, the mass accretion rate keeps
increasing during the process, which is expected
to cause higher luminosity of the system.
• MRI plays an essential role in reaching steady
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Figure 14. Convergence test: comparison of the radial profiles of the surface density Σ (upper left panel), the Reynolds stress TR
(upper right panel), the Maxwell stress TM (lower left panel) and αeff (lower right panel) for the model “Bz-Mach10-β400-res1”
(solid black lines) and the double-resolution model “Bz-Mach10-β400-res2”. All quantities are volume- and time- averaged during
t = 17− 22.
state of CV disks. Without MRI, the disk may
keep piling up mass due to the insufficient angu-
lar momentum transport driven by spiral shocks
especially in a cool disk.
• The growth rate of the mass accretion rate de-
pends on the disk Mach number as well as
the seed magnetic field geometry and strength.
Therefore, the mass accretion rate increases
faster, thus the disk reaches steady state ear-
lier, when the seed magnetic field is stronger or
has vertical components, or when the disk Mach
number is lower (see the MHD model in Ju et al.
2016 for comparison).
By using a locally isothermal equation of state, we
have approximated the thermodynamics of a steady
disk where the cooling balances the heating. In the
future, we plan to conduct global MHD simulations
of stratified CV disks including radiative cooling to
model convective outbursts.
Our study may also trigger new thoughts about the
boundary layer studies (Belyaev et al. 2013a,b). In
our global MHD models of CV disks (the “Mach10”
model with isothermal equation of states and the MHD
model in Ju et al. 2016 with adiabatic equation of
states), the spiral waves propagate all the way to the
inner boundary even with the existence of strong MRI.
Therefore, the global m = 2 mode excited by tidal
forces may interfere with the acoustic waves excited
by the supersonic shearing in the boundary layer. The
ultimate solution to the angular momentum transport
process at the boundary layer of CV disks can only
be found in global MHD models with inner boundary
conditions and resolution appropriate for the bound-
ary layer region.
Lastly, as we discussed in the first paper of this
series (Ju et al. 2016), we examine the eccentricity
growth driven by elliptical instability which is po-
tentially related to the observed superhumps in CVs
(Lubow 1991; Kley et al. 2008). Kley et al. (2008) ob-
served development of eccentric disks in close binary
systems with large viscosity. Since MRI turbulence is
often suggested to act as a “viscosity”, here we pick
our model with the strongest MRI, the “Bz-Mach10-
β100-res2” model, and measure the mass averaged
eccentricity. In Figure 15 we show the time evolu-
tion of the mass-averaged eccentricity, where we find
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Figure 15. Time evolution of mass-averaged eccentricity in
the “Bz-Mach10-β100-res2” model. No growth of eccentricity is
observed.
that although the eccentricity rises to ∼ 0.1 at the
beginning of the simulation due to excitation of spi-
ral arms, it decays and becomes stable at e ∼ 0.03
after the disk reaches steady state. No sign of ec-
centricity growth is observed. Adopting αeff ∼ 0.1
(see Fig. 7) and M ∼ 10 in the “Bz-Mach10-β100-
res2” model, the corresponding dimensionless viscosity
is ν = (α/M2)RvK ∼ 3− 6× 10−4. According to the
model with the largest viscosity ν = 10−4 and mass
ratio q = 0.3 in Kley et al. (2008) (see their Figure
18), the disk eccentricity is expected to start growing
from e ∼ 0.08 at ∼ 10 binary orbits (t ∼ 60 in our
time units) to e ∼ 0.5 at ∼ 30 binary orbits (t ∼ 188
in our time units). This discrepancy may originate
from the lack of disk expansion due to MRI. Since the
specific angular momentum is proportional to
√
R, lit-
tle material that is pushed outward can carry away the
angular momentum of a larger amount of material that
is accreted inward. In our simulations, due to the effi-
cient outward transport of angular momentum, most
of the disk material moves inward. Although there is
more matter being pushed outward as the whole disk
becomes more massive and the mass accretion rate
increases, there is a much larger amount of material
moving inward, which stabilizes the disk.
We thank J. Goodman, E. Ostriker and G. Bakos
for insightful discussions and suggestions. This project
is supported by NSF grant AST-1312203. Numerical
simulations in this work are carried out using compu-
tational resources supported by the Princeton Insti-
tute of Computational Science and Engineering, and
the Texas Advanced Computing Center (TACC) at
The University of Texas at Austin through XSEDE
grant TG-AST130002. Z.Z. acknowledges support by
NASA through Hubble Fellowship grant HST HF-
51333.01-A awarded by the Space Telescope Science
Institute, which is operated by the Association of Uni-
versities for Research in Astronomy, Inc., for NASA,
under contract NAS 5-26555.
REFERENCES
Balbus, S. A. 2003, ARA&A, 41, 555
Balbus, S. A., & Hawley, J. F. 1991, ApJ, 376, 214
—. 1998, Reviews of Modern Physics, 70, 1
—. 2002, ApJ, 573, 749
Baptista, R. 2015, ArXiv e-prints, arXiv:1508.03067
Baptista, R., & Catala´n, M. S. 2001, MNRAS, 324, 599
Baptista, R., Horne, K., Wade, R. A., et al. 1998, MNRAS,
298, 1079
Baptista, R., Santos, R. F., Fau´ndez-Abans, M., & Bortoletto,
A. 2007, AJ, 134, 867
Baptista, R., & Steiner, J. E. 1991, A&A, 249, 284
Belyaev, M. A., Rafikov, R. R., & Stone, J. M. 2013a, ApJ,
770, 67
—. 2013b, ApJ, 770, 68
Binney, J., & Tremaine, S. 1987, Galactic dynamics (Princeton
University Press)
Blackman, E. G., Penna, R. F., & Varnie`re, P. 2008, New A,
13, 244
Borges, B. W., & Baptista, R. 2005, A&A, 437, 235
Cannizzo, J. K. 1993, ApJ, 419, 318
Cannizzo, J. K., Smale, A. P., Wood, M. A., Still, M. D., &
Howell, S. B. 2012, ApJ, 747, 117
Coleman, M. S. B., Kotko, I., Blaes, O., Lasota, J.-P., &
Hirose, S. 2016, ArXiv e-prints, arXiv:1608.01321
Davis, S. W., Stone, J. M., & Pessah, M. E. 2010, ApJ, 713, 52
Flock, M., Dzyurkevich, N., Klahr, H., Turner, N. J., &
Henning, T. 2011, ApJ, 735, 122
Flock, M., Fromang, S., Gonza´lez, M., & Commerc¸on, B. 2013,
A&A, 560, A43
Gammie, C. F., & Menou, K. 1998, ApJL, 492, L75
Gary, G. A. 2001, Sol. Phys., 203, 71
Godon, P., Livio, M., & Lubow, S. 1998, MNRAS, 295, L11
Groot, P. J. 2001, ApJL, 551, L89
Guan, X., & Gammie, C. F. 2009, ApJ, 697, 1901
—. 2011, ApJ, 728, 130
Harlaftis, E. T., Steeghs, D., Horne, K., Mart´ın, E., &
Magazzu´, A. 1999, MNRAS, 306, 348
Hartley, L. E., Murray, J. R., Drew, J. E., & Long, K. S. 2005,
MNRAS, 363, 285
Hawley, J. F. 2001, ApJ, 554, 534
—. 2009, Ap&SS, 320, 107
Hawley, J. F., Balbus, S. A., & Winters, W. F. 1999, ApJ, 518,
394
Hawley, J. F., Gammie, C. F., & Balbus, S. A. 1995, ApJ, 440,
742
Hawley, J. F., Guan, X., & Krolik, J. H. 2011, ApJ, 738, 84
Hawley, J. F., & Krolik, J. H. 2001, ApJ, 548, 348
Hawley, J. F., Richers, S. A., Guan, X., & Krolik, J. H. 2013,
ApJ, 772, 102
Hellier, C. 2001, Cataclysmic Variable Stars (Springer)
Hennebelle, P., Lesur, G., & Fromang, S. 2016, A&A, 590, A22
Hirose, S., Blaes, O., Krolik, J. H., Coleman, M. S. B., & Sano,
T. 2014, ApJ, 787, 1
Horne, K., & Cook, M. C. 1985, MNRAS, 214, 307
Ju, W., Stone, J. M., & Zhu, Z. 2016, ApJ, 823, 81
King, A. R., Livio, M., Lubow, S. H., & Pringle, J. E. 2013,
MNRAS, 431, 2655
King, A. R., Pringle, J. E., & Livio, M. 2007, MNRAS, 376,
1740
Kley, W., Papaloizou, J. C. B., & Ogilvie, G. I. 2008, A&A,
487, 671
Kotko, I., & Lasota, J.-P. 2012, A&A, 545, A115
Lasota, J.-P. 2001, New A Rev., 45, 449
Latter, H. N., & Papaloizou, J. C. B. 2012, MNRAS, 426, 1107
Lubow, S. H. 1991, ApJ, 381, 259
Makita, M., Miyawaki, K., & Matsuda, T. 2000, MNRAS, 316,
906
McKinney, J. C., Tchekhovskoy, A., & Blandford, R. D. 2012,
MNRAS, 423, 3083
Meyer, F., & Meyer-Hofmeister, E. 1981, A&A, 104, L10
Mineshige, S., & Osaki, Y. 1983, PASJ, 35, 377
Neustroev, V. V., Chavushyan, V., & Valde´s, J. R. 2004, in
Revista Mexicana de Astronomia y Astrofisica Conference
Series, Vol. 20, Revista Mexicana de Astronomia y
Astrofisica Conference Series, ed. G. Tovmassian & E. Sion,
162–163
Neustroev, V. V., Suleimanov, V. F., Borisov, N. V., Belyakov,
K. V., & Shearer, A. 2011, MNRAS, 410, 963
Osaki, Y. 1974, PASJ, 26, 429
22 Ju et al.
Penna, R. F., McKinney, J. C., Narayan, R., et al. 2010,
MNRAS, 408, 752
Pessah, M. E. 2010, ApJ, 716, 1012
Potter, W. J., & Balbus, S. A. 2014, MNRAS, 441, 681
Rutten, R. G. M., Kuulkers, E., Vogt, N., & van Paradijs, J.
1992a, A&A, 265, 159
Rutten, R. G. M., van Paradijs, J., & Tinbergen, J. 1992b,
A&A, 260, 213
Sano, T., Inutsuka, S.-i., Turner, N. J., & Stone, J. M. 2004,
ApJ, 605, 321
Savonije, G. J., Papaloizou, J. C. B., & Lin, D. N. C. 1994,
MNRAS, 268, 13
Shafter, A. W., & Misselt, K. A. 2006, ApJ, 644, 1104
Shakura, N. I., & Sunyaev, R. A. 1973, A&A, 24, 337
Shi, J.-M., Stone, J. M., & Huang, C. X. 2016, MNRAS, 456,
2273
Simon, J. B., Beckwith, K., & Armitage, P. J. 2012, MNRAS,
422, 2685
Smak, J. 1982, Acta Astron., 32, 199
—. 1984, Acta Astron., 34, 161
—. 1999, Acta Astron., 49, 391
Smak, J. I. 2001, Acta Astron., 51, 295
Sorathia, K. A., Reynolds, C. S., Stone, J. M., & Beckwith, K.
2012, ApJ, 749, 189
Spruit, H. C. 1987, A&A, 184, 173
Steeghs, D., Harlaftis, E. T., & Horne, K. 1997, MNRAS, 290,
L28
Stone, J. M., Gardiner, T. A., Teuben, P., Hawley, J. F., &
Simon, J. B. 2008, ApJS, 178, 137
Stone, J. M., Hawley, J. F., Gammie, C. F., & Balbus, S. A.
1996, ApJ, 463, 656
Vrielmann, S., & Offutt, W. 2003, MNRAS, 338, 165
Vrielmann, S., Stiening, R. F., & Offutt, W. 2002, MNRAS,
334, 608
Wiegelmann, T., Neukirch, T., Nickeler, D. H., et al. 2015,
ApJ, 815, 10
Wiegelmann, T., Thalmann, J. K., & Solanki, S. K. 2014,
A&A Rev., 22, 78
Wood, J., Horne, K., Berriman, G., et al. 1986, MNRAS, 219,
629
Wood, J. H., Horne, K., Berriman, G., & Wade, R. A. 1989,
ApJ, 341, 974
